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Abstract
Possible neutrino oscillations are being searched for using high-energy (>
10GeV) atmospheric neutrinos in Kamiokande. Both the upward-going muon
flux from muon neutrinos and high-energy electro-magnetic shower events
from electron neutrinos agree with theoretical expectations, and no positive
evidence for neutrino oscillations is found. The 90% C.L. upper limits on the
neutrino oscillation parameters, (m2 and sin2 2) are found to be m2 =
5:6  10−3eV2 for sin2 2 = 1 and sin2 2 = 0:60 for large m2 for e $
 oscillation. This result excludes most of the allowed region for the e $
 oscillation, which was obtained from a recent sub-multi-GeV atmospheric
neutrino analysis.
PACS numbers: 14.60.Gh, 12.15.Ff
Typeset using REVTEX
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Atmospheric neutrinos provide a unique opportunity to search for neutrino oscillations
because of their long travel distances from the atmosphere to underground detectors, varying
between about 10 km to 10000 km. In recent years, several large underground experiments
have reported [1{5] on the ratio of atmospheric muon neutrinos to electron neutrinos in the
neutrino energy range of E < 1 GeV. Three experimental groups [1{3] claimed that the
ratio of muon neutrinos to electron neutrinos is signicantly smaller than expectations from
theoretical calculations [6]. More recently, a similar analysis [7] in the multi-GeV energy
range also found a decit of muon neutrinos and suggested that the oscillation parameter
region, m2  10−2eV2 and sin2 2 > 0:5, is favoured both for the e $  oscillation and
for the  $  oscillation.
The purpose of this paper is to extend the neutrino-oscillation analysis based on a com-
parison between atmospheric muon neutrinos and electron neutrinos to a higher (> 10 GeV)
energy range in the Kamiokande experiment. We employed upward-going muons which were
produced in the surrounding rock and penetrated the detector as high-energy muon neu-
trino events, and fully contained electro-magnetic shower events with an energy larger than
10 GeV as high-energy electron neutrino events. Therefore, this analysis was a revision of
the previous neutrino oscillation analysis using upward-going muons [8], in which only the
disappearance of the muon neutrino flux was examined.
Atmospheric neutrinos are essentially produced by the decays of charged pions and
muons. One muon neutrino is produced by the decay of one pion, and one muon neu-
trino and one electron neutrino are produced by a successive muon decay. Therefore, the
ratio of muon neutrinos to electron neutrinos, (R  ( + )=(e + e)) is essentially 2.
However, if the energy range of produced muons is high, a considerably large fraction of
the muons do not decay and reach the surface of the earth. Accordingly, the production
of high-energy electron neutrinos is strongly suppressed. Figure 1 shows the theoretical ex-
pectations [9,10] of R as a function of the neutrino energy, (E). Unlike the sub-GeV and
multi-GeV energy range, R is much larger than 2 for high-energy neutrinos; for example,
R = 3  10 for E = 30 GeV and R = 5  17 for E = 100 GeV, depending on the zenith
angle () of neutrinos.
Since R is much larger than 2, a drastic enhancement of high-energy electron neutrino
events is expected in the case of the e $  oscillation. This fact provides an excellent
opportunity to examine the e $  oscillation. Since the electron neutrino flux does not
change in the case of the  $  oscillation, the examination of the  $  oscillation is
not essentially dierent from the disappearance search reported in Ref. [8] and comments
presented in Ref. [11]. Therefore, only an examination of the e $  oscillation is presented
in this paper.
The Kamiokande (-II and -III) detector is located in 2700m of water equivalent under-
ground in the Kamioka mine, about 250km west of Tokyo (36.42N, 137.31E). A cylindrical
steel tank contains 2140 tons of water viewed by 948 20-inch photomultiplier tubes (PMT)
covering 20% of the tank inner surface. This inner detector is surrounded by a 4 steradian
water anticounter that is at least 1.2 m thick, viewed by 123 20-inch PMT. The anticounter is
useful for identifying entering cosmic-ray muons and measuring any leakage of energy of the
atmospheric-neutrino interactions in the inner detector. Pulse-height and timing informa-
tion from each PMT are recorded and used in the data analysis. More detailed descriptions
of Kamiokande-II and Kamiokande-III are given in Refs. [8] and [12], respectively.
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The selection of upward-going muons is already presented in Ref. [8], and is not discussed
here. After an update of the data analysis, 373 upward-going muons with cos   −0:04
are collected from 2447 days of observations with a nominal detection area of 150 m2. The
averaged upward-going muon flux was calculated to be
exp = (1:98 0:10 (stat:) 0:03 (syst:)) 10
−13cm−2s−1sr−1: (1)
The dierential fluxes as a function of the cosine of zenith angle, (d
dΩ
)exp, were also calcu-
lated, and are shown in Figure 2.
The selection of high-energy electrons is based on the nature that electrons produce en-
ergetic electro-magnetic showers and are easily fully contained in the inner counter. The
selection criteria utilise ADC information about each PMT: (i)the total photoelectron num-
ber of the inner detector  30000p.e., corresponding to  8.8 GeV of electrons (ii)the total
photoelectron number of the anticounter  20p.e., or the number of hit PMTs in the anti-
counter  5.
In order to study the eciencies of the above selection criteria, the neutrino interac-
tion of electron neutrinos with a neutrino energy larger than 10 GeV was carefully studied
using a Monte-Carlo simulation. Among neutrino interactions of E > 10GeV, 33% of
the events produced electrons with an energy larger than 10 GeV, and 60% of such events
were fully contained in the inner detector. There were also contributions from high-energy
electrons of several GeV together with pions produced in the neutrino interaction, which
overlap with the electro-magnetic showers. Such events could not be distinguished from
single electro-magnetic showers from electrons with energy larger than 10 GeV. Considering
these contributions, 32% of the total neutrino interaction with E > 10GeV were identied
as being electro-magnetic showers with Ee > 10GeV. Possible background from muon neu-
trinos was also studied by a Monte-Carlo simulation; only 2.3% of the neutrino interactions
from muon neutrinos with E > 10GeV satisfy the above selection criteria, most being high-
energy 0 productions from a neutral-current interaction. This background is also carefully
taken into account in the following analysis.
A total of 2510 days of data from the Kamiokande-II-III period have been analysed,
which corresponds to 9.26ktonyear of exposure. The ducial volume was taken as at least
1 m inside the PMT plane, and is 1350 tons. After the above selection criteria, 159 events
were selected. Most of them were cosmic-ray muons with hadronic showers in the inner
detector, which were not rejected by the relatively loose anticounter criteria because the
muons passed through the edge of the anticounter. Such events are visually scanned and are
rejected one by one. Finally, 9 fully contained electro-magnetic shower events with energy
larger than 10GeV were obtained. Upward-going electrons and downward-going electrons
are dened as events with cos   −0:2 and cos   0:2 respectively. The number of
upward-going electrons, (Nupexp) and downward-going electrons, (N
down
exp ) were found to be
Nupexp = 2 and N
down
exp = 3: (2)
As presented in Refs. [8] and [11], the expected upward-going muon flux (and high-
energy electron events) strongly depends on the physical processes used in the calculation.
Considering recent progress of calculations on each physical process [9,10,13{21], two sets of
physical processes are employed in the following analysis: (a)Volkova atmospheric neutrino
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flux [9], EHLQ quark distribution function [17], Lohmann muon energy loss [21] (referred
as V+E+L) and (b)Butkevich atmospheric neutrino flux [10], CTEQ3M quark distribution
function [18], Lohmann muon energy loss [21] (referred as B+C+L). Among all combinations
of each physical processes, calculations with V+E+L and with B+C+L give the smallest and
largest atmospheric neutrino events, respectively. Since the expected atmospheric neutrino
events with other physical processes lie within these two extreme cases, a neutrino-oscillation
analysis with other physical processes also yield results between the two cases.
The expected upward-going muon flux, (cal) and expected number of upward-going
and downward-going electron events, (Nupcal and N
down
cal ) calculated with two sets of physical
processes are listed in Table 1 together along with the experimental results from Kamiokande.
The zenith angle distributions of upward-going muon fluxes are also shown in Figure 2.
Agreements between the experimental results and the theoretical expectations with no-
oscillation both for muons and electrons suggest the absence of positive evidence of neutrino
oscillations.
The upward-going muon flux and the number of high-energy electron events for given
neutrino oscillation parameters, (m2 and sin2 2) were obtained by replacing the neutrino
flux with the oscillating neutrino flux. As examples, the expected numbers for the e $
 oscillation with m
2 = 1  10−2eV2, 2  10−2eV2, 5  10−2eV2, 1  10−1eV2 and
sin2 2 = 1 is shown in Table.1. It seems that agreements with the experimental results
are poor.
An excluded region in m2-sin2 2 plane was calculated using almost the same procedure
























































up; down): The rst and second terms of eq.(3) correspond to the contribution from the
upward-going muons and high-energy electrons, respectively. ( d
dΩ
)iosc is oscillating upward-






cillating upward-going muon fluxes originating  and e. N
j
osc is the expected number of
high-energy electron events for the given oscillation parameters. N josc− and N
j
osc−e are
the number of oscillating high-energy electrons from  and e. i is the statistical error of
(d
dΩ
)iexp.  is an absolute normalisation factor of the expected atmospheric neutrino flux
and  is the uncertainty of the e= ratio. γ is an uncertainty related to the dierence in
the detection method between the upward-going muons and high-energy electrons. , 
and γ are the one standard error of ,  and γ. They are taken as  = 20%,  = 5% and
γ = 30%. A combination of ,  and γ which minimises above 
2 is calculated for each os-
cillation parameter set. The parameter region which satises 2(m2; sin2 2)  2min + 4:6
is excluded in the 90% C.L.
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The constraints on the neutrino oscillation parameters for the e $  oscillation are
shown in Figure 3 together with the allowed region based on a sub-multi-GeV analysis. An
excluded region obtained by the Go¨sgen [22], Bugey [23], E776 [24], Frejus [5] experiment,
and an allowed region recently reported by the LSND [25] experiment are also shown. The
excluded regions with V+E+L and B+C+L are almost the same. Most of the allowed
region based on a sub-multi-GeV analysis [7] are excluded at the 90% C.L. Because of a
safety reason, it should be proper to use an excluded region with B+C+L as a conclusive
result. The 90% C.L. upper limit on m2 and sin2 2 with B+C+L are:
m2 = 5:6 10−3eV2 for sin2 2 = 1 (4)
and
sin2 2 = 0:60 for large m2; (5)
respectively. It should be noted that the uncertainty in the calculation of expectations does
not signicantly change the excluded region for the e $  oscillation.
In conclusion, upward-going muons and high-energy electrons generated from high-energy
atmospheric neutrinos agree well with the theoretical expectations. Possible evidence of neu-
trino oscillation obtained from a sub-multi-GeV atmospheric neutrino analysis is not found
for the e $  oscillation. The conservative constraint on the e $  oscillation excludes
most of the allowed region obtained in the sub-multi-GeV analysis. Neutrino oscillation
between  and  remains a possible solution, which explains the decit of atmospheric
muon neutrinos.
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TABLES
TABLE I. Averaged upward-going muon flux (cos   −0:04) and number of upward-going
(cos   −0:2) and downward-going (cos   0:2) electron events from the Kamiokande exper-
iment. Theoretical calculations based on two sets of physical processes are also given, where
V+E+L stands for Volkova atmospheric neutrino flux, the EHLQ quark distribution function and
the Lohmann muon energy loss, and B+C+L for the Butkevich atmospheric neutrino flux and the
CTEQ3M quark distribution function and the Lohmann muon energy loss. The expected numbers
in the case of the e $  oscillation with oscillation parameters ( m2; sin
2 2) = (110−2eV2; 1),
(2 10−2eV2; 1), (5 10−2eV2; 1), (1 10−1eV2; 1) are also listed.
condition upward-going upward-going downward-going
(m2; sin2 2) muon flux electron events electron events
(10−13cm−2s−1sr−1) (=9:26kton  year) (=9:26kton  year)
Kamiokande 1.98  0.10  0.03 2 3
V+E+L no oscillation 1.94 2.8 2.8
(1 10−2eV−2; 1) 1.68 5.5 2.8
(2 10−2eV−2; 1) 1.57 6.5 2.8
(5 10−2eV−2; 1) 1.42 7.5 2.8
(1 10−1eV−2; 1) 1.32 7.8 2.8
B+C+L no oscillation 2.52 4.0 4.0
(1 10−2eV−2; 1) 2.15 8.1 4.0
(2 10−2eV−2; 1) 2.00 9.5 4.0
(5 10−2eV−2; 1) 1.80 10.7 4.0
(1 10−1eV−2; 1) 1.68 11.2 4.0
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FIGURES
FIG. 1. Ratios of the muon neutrinos to electrons neutrinos, R = ( + )=(e + e), for
the horizontal (cos  = −0:2) and vertical (cos  = −1) upward-going atmospheric neutrino as a
function of the neutrino energy. Calculations by Butkevich et al.[10] and Volkova[9] are indicated
by the solid and dashed line, respectively.
FIG. 2. Zenith-angle distribution of the upward-going muon flux obtained from 373 up-
ward-going muon events in Kamiokande together with the expected flux from calculations with
V+E+L and with B+C+L.
FIG. 3. Excluded region in m2-sin2 2 plane for the e $  oscillation obtained from
a high-energy atmospheric neutrino analysis with V+E+L and B+C+L. The results from a
sub-multi-GeV analysis is also indicated by the shaded region. Excluded region obtained by the
Go¨sgen[22], Bugey[23], E776[24], Frejus[5] experiment, and the allowed region recently reported by
the LSND[25] experiment are also shown.
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